In this experimental study, living dock beetles are observed during their free upside-down walk on a smooth horizontal substrate. Their weight is balanced by the adhesion of hairy structures present on their tarsomeres. The motions involved in the attachment and detachment of these structures were characterized by simultaneously imaging the beetle from the side at the body scale, and from the top at the scale of a single tarsal chain. The observed multi-scale three-dimensional kinematics of the tarsi is qualitatively described, then quantified by image processing and physically modelled. A strong asymmetry is systematically observed between attachment and detachment kinematics, in terms of both timing and directionality.
Introduction
Many hexapod species have the ability to walk on a wide variety of surfaces. As a consequence, they have been incredibly successful at colonizing terrestrial habitats. Some plants that are victims of phytophagous insects have developed slippery surfaces as a counterpart in the evolutionary arms race [1, 2] . Hexapod terrestrial locomotion and attachment have been investigated for more than 150 years [3] . Early experiments with freely walking beetles on various substrates revealed that the main contributors to adhesion were van der Waals forces and capillary forces from pad secretions [4] .
Hexapod adhesion mechanisms are not only interesting for the development of reusable bioinspired adhesives [5] [6] [7] [8] . They also are a promising answer to a current challenge in microrobotics: with conventional prehension (tweezers, vacuum), it is hard to pick and place objects smaller than 100 mm without being impaired by van der Waals forces [9, 10] . The reversible adhesion of hexapods does not seem to suffer from this size limit. Many hexapods possess tarsomeres (tarsal segments) covered with slender adhesive structures called tenent (adhesive) setae (hairs), of a diameter of the order of a few micrometres only.
In this work, the dock beetle Gastrophysa viridula De Geer (Coleoptera, Chrysomelidae) was used as a model species. The adhesion mechanism of this beetle has been the subject of many studies in the last 15 years (e.g. [11] ). Standardized rearing procedures have been reported, with the aim of ensuring that individuals are at the same development stage [12, 13] . The beetles possess five tarsal segments (tarsomeres t1 -t5, proximal to distal, respectively). The distal segment t5 bears the claws. The fourth tarsomere t4 is hidden. Tarsomeres t1-t3 are ventrally covered with adhesive pads composed of tenent setae. We further call them the proximal, middle and distal adhesive pad, respectively (figure 1). During locomotion, the setae not only have to adhere well to many different substrates but they must also detach quickly and effortlessly. Usually, only the tip of each seta touches the substrate. More exactly, the adhesion is mediated by some liquid on the seta tips; part of the liquid is left as footprints [14] . The composition of this liquid seems to be derived from cuticular lipids [15] . There are three different main shapes of seta tips: spatulate [16] , discoidal and pointed [17] . They have different mechanical properties: discoidal tips are stiffer, and they provide significantly more adhesion than other tips [17, 18] . Discoidal tips are found only in males. They can provide strong attachment to the female elytra during copulation [17] . Dock beetles are very well adapted to locomotion onto their main source of food, i.e. dock leaves [19, 20] .
Adhesive structures have evolved independently multiple times within hexapods. The observed convergent evolution of many species towards this strategy of fibrillar adhesion (e.g. earwigs, beetles and flies) strongly suggests a functiondriven evolution [21] . It therefore represents a relevant source of inspiration for microrobotic pick-and-place, which faces similar requirements in terms of speed and robustness to various substrates.
The excellent performance of walking hexapods is due to the fact that they move their elaborate adhesive pads with the appropriate kinematics at the scale of the leg. Mechanosensitive tarsal sensilla are often present on tarsomeres [22, 23] . By contrast, the muscles that activate the claws (through tendons) are located in the tibia [24] , so there is no muscular control at the scale of individual setae. Beetles and flies do not usually have any antagonist muscle to the flexor muscle [24, 25] . As a consequence, they can only lift their claw by contracting this flexor muscle, or move the entire tarsus at once. While many studies have been dedicated to quantifying the geometry and mechanical behaviour of the pads subjected to forced kinematics [17, 18, [26] [27] [28] [29] , the description of free-walk kinematics has remained mostly qualitative [25, 26] . Moreover, there are only hypotheses about the motions responsible for generating the required adhesion then cancelling it a fraction of a second later.
A universal gait was observed for most adult hexapods, which consists of the cycle 'HR-FL-MR-HL-FR-ML', where F, M and H correspond to the fore-, mid-and hindlegs, and L and R identify the left and right legs, respectively [30, 31] . This gait reduces the net turning moment of the body, so the hexapod can walk in a straight line [30] . The sequence seems to be independent of the inclination of the substrate on which the hexapod walks [32] . Only the overlap of stance phases is more important during upsidedown walking [32] , which should increase the total average adhesion force. Insects with a large safety factor (attachment force over body weight) can move three legs at a time-(FR, ML, HR) versus (FL, MR, HL)-when upside down, as in a classical tripod gait [33] . Others prefer a more continuous sequence, where a maximum of two legs swing simultaneously, so the insect benefits continuously from the adhesion of at least four legs [30] .
The detailed motion of the pulvilli (hairy adhesive pads at the base of the claw) of flies Calliphora vicina Rob.-Des. and Musca domestica L. (Diptera, Calliphoridae and Muscidae, respectively) was observed with high-speed microscopy imaging [25] . Flies were free to walk inside a tube, whose orientation was varied. These observations revealed a systematic proximad movement of the tarsomeres at the beginning of the stance phase. Also, four detachment scenarios were observed (with the percentage of occurrence in brackets, for 129 events):
(1) Twisting (40%): the leg is rotated by up to 908 in the plane parallel to the substrate, before it is pulled proximally. (2) Lifting (27%): the leg is lifted from the proximal side, which causes the claw to be passively pressed to the substrate. The setae are then progressively peeled in the distad direction. (3) Pulling (24%): the leg is pulled proximally until it detaches. This motion probably requires a larger force, and it possibly happens only when the fly is stressed. The proximal pad detaches first. (4) Shifting (9%): the leg is briefly pushed distally, which compresses the pulvilli. The median pad detaches first.
Unfortunately, this first investigation of fly tarsomere kinematics [25] did not include any quantification of the motion, and scale bars were not reported. Moreover, among hexapods the pulvilli are specific to a limited number of species, including flies (Diptera) and some true bugs (Heteroptera, e.g. Pentatomidae, Miridae, Thaumastocoridae) [34] . So it is unclear whether the corresponding kinematics is shared by other hexapods without pulvilli.
The ventral pads on the first to third tarsomeres of dock beetles seem to serve different functions, as was shown for males freely walking up and down a smooth vertical surface [26] . Previous studies showed that, on the one hand, the distal pad experiences stronger and longer contact than the others when adhesion is required (e.g. on forelegs when climbing up, or on hindlegs when climbing down). It is the first to attach and the last to detach. On the other hand, the proximal pad is used fully when the legs are in compression (e.g. the forelegs when climbing down). Measurements of the force resulting from the compression rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170493 of the pads (displacement of about 20 mm towards the substrate) revealed that the proximal pads are significantly stiffer than the distal pads, which would help them to avoid buckling [26] . The forces experienced by the pads are also strongly dependent on their direction of motion [14, 26] . Experiments with constrained living dock beetles showed that pads forced to slide over 10 mm at a speed of 500 mm s 21 generate significantly more shear force when pulled in the proximad direction than when pushed in the distad direction [14] . However, such distance and speed are far from the usual motions experienced by the pads of freely walking dock beetles. A similar force asymmetry between pulling and pushing was observed for cockroaches [35] and spiders [36] . The extent to which the walk kinematics of hexapods is controlled by neuronal feedback is still largely unknown [37] . Neuronal feedback was observed at a time scale of 200 ms for male cockroaches Blaberus discoidalis L. running on a substrate of roughness similar to their body scale [38] . The measured inter-burst interval was about 100 ms, which suggests that any motion at a smaller time scale cannot be attributed to neuronal control. Sponberg & Full [38] concluded that mechanical feedback plays a dominant role in self-stabilizing the insect locomotion. It could originate from the intrinsic viscoelasticity of the musculoskeletal structures.
This work aims to provide a detailed and quantitative kinematic study of the terrestrial locomotion of dock beetles G. viridula. The beetles are freely walking upside down on a horizontal, flat smooth surface. Synchronized views of the beetle motion are captured, each focusing on a different length scale, from the leg down to the individual setae. Each motion is quantified by image processing: the gait and leg kinematics, the peeling of the pads, the motion of the claws and the peeling of individual setae. Our discussion of these motions will be guided by the hypothesis that every motion at a time scale less than 100 ms cannot be controlled in real time by neuronal feedback, so that it should result from passive mechanical considerations only. Data from different views are correlated in order to identify motions occurring in concert. Our findings are frequently compared with previous work, especially on flies [25] , in order to identify convergent features between flies and beetles. The appearance of such features in two species that have evolved independently would then suggest that these features are well adapted to a given function-here, terrestrial locomotion and attachment. The results are finally discussed with the aim of providing relevant advice for the design of future biomimetic devices based on hairy capillary adhesion.
Experimental set-up
We studied 20 G. viridula males from our laboratory colony. Rearing was performed along the procedure described in Voigt et al. [12] . The temperature was kept between 208C and 258C, and the colony was subjected to daylight. Only adults of approximately the same age were selected for the experiments. Males were chosen because they possess the three different shapes of seta tips (spatulate, discoidal and pointed) as a result of which they adhere remarkably well on smooth surfaces [20] . The individuals were not distinguished. Hence, in the subsequent statistical analysis, no distinction is made between repeated experiments on a single individual and experiments on distinct individuals. Significant statistical correlations observed while pooling all experiments would potentially be even stronger if a distinction between individuals was made.
The beetles were observed walking upside down from two points of view. A macroscopic side view of the walking beetle was captured at 60 frames per second with a Nikon 1 V3 camera, a macro lens (AF-S DX Micro Nikkor 85 mm) and backlighting. The numerical resolution, evaluated on each movie, is of the order of 8 mm per pixel. Simultaneously, one leg was imaged from the top with a high-speed camera (Phantom Miro 110) at 1600 frames per second, through a transmission microscope (Zeiss Axio Scope A1) with a 10 Â objective. The numerical resolution is 1.22 mm per pixel. To synchronize both recordings, the output signal of the highspeed camera (top view) triggered the external light source of the side view. During each experiment, the beetle was first deposited, head up, at the centre of a clean microscope slide (soda-lime glass, ISO 8037/1; Carl Roth). It was then gently turned upside down and placed in the field of view. The beetle was then free to walk. To keep it walking in the vertical focal plane of the side view, the lateral parts of the glass slide were covered with a superhydrophobic coating (Tegotopw210, Evonik Industries; Antispread E2/200, Dr Tillwich GmbH) which strongly limited adhesion and discouraged exploration outside the focal plane. To apply this coating locally, the central part of the glass slide was first masked with a slightly adhesive tape that did not leave any apparent glue residue once removed.
Results and discussion

Gait and leg kinematics in vertical planes
Our kinematic investigation started at the scale of the beetle, i.e. a few millimetres. The beetle was observed in a vertical plane from the side. We define the cartesian coordinate system (x, y, z) oriented along the beetle body, where x is the horizontal longitudinal axis (from posterior to anterior, i.e. increasing during a motion forward), y is the horizontal lateral axis (from its right to its left) and z is the vertical axis ( perpendicular to the substrate, from ventral to dorsal, i.e. downwards here).
In some videos of interest, the beetle walked at approximately constant speed in the direction perpendicular to the camera (sagittal view). Each leg could then be distinguished and identified (figure 2) in the (x, z)-plane, e.g. left legs We first measured the swing duration t sw (when the leg is separated from the substrate), as well as the contact position x of each leg during the stance phase ( figure 3a) . The left and right legs moved alternately. At t ¼ 0.8 s, the gait converged to a regular sequence of HR and FL, MR, HL and FR, ML, already described by Hughes [30] . Each front leg swung at approximately the same time as the opposite hindleg. This is confirmed by the bar plot in figure 3b, which represents the number of legs N L in stance at a given time. It oscillated between four and six, so the insect swung a maximum of two legs at a time. Steps were not regularthey varied in both duration and distance-but they were all of the same order of magnitude. The swing duration was t sw ≃ 0.13 s, which is about one-sixth of the gait sequence (cycle frequency 1.3 Hz). It is also the same order of magnitude as the neuronal response time measured for cockroaches [38] . The legs moved forwards by Dx ≃ 1.5 mm at each step on average, so the mean speed of each leg was about Dx/t sw 12 mm s 21 . The dimensionless Froude number Fr is used in terrestrial locomotion analysis as the ratio between inertial forces (e.g. centripetal) resulting from leg motion and the weight of the animal. It is defined as
, where L is the leg length and g is the gravity acceleration. The transition from walking-like gaits to running-like gaits typically occurs when Fr 1 [39] . As L 2 mm, Fr 0.01 ( 1. Therefore, the gait was clearly in a walking-like regime: inertial forces resulting from leg motion were negligible in comparison with the leg weight. Consequently, the weight of the beetle and the reaction forces from the substrate had to almost balance at all times.
We also measured the displacement of the upper line of the closed beetle elytra, which, in first approximation, is the same as the motion of the centre of mass of the beetle. The average horizontal walking speed on a ceiling is approximately 1.7 mm s 21 (figure 3), which is indeed about one-sixth of the average leg speed. When the gait was stabilized (t . 0.8 s), the beetle's body moved cyclically up and down with an amplitude and frequency of about 100 mm and 2.5 Hz, respectively (figure 3c). This corresponds to twice the cycle frequency. The body was lowest when two legs swung at a time. The swing time t sw and corresponding advance of the leg Dx in the x-direction were recorded more systematically on side views (x, z), for 176 leg swings-not all of them during stabilized walking (see the electronic supplementary material). The swing time was t sw ¼ 0.15 [0.13,0.18] s, where 0.15 denotes the median value, and the numbers in bracket correspond to the first and third quartiles (this notation is used throughout this paper). This is two times greater than the swing time of the blow fly C. vicina [25] , although the latter was observed walking right-side-up on a horizontal substrate. The corresponding distance travelled was Dx ¼ 0.54 [ , which is three times smaller than for the sustained gait of figure 3 . The variability from one step to another is much larger in terms of distance travelled Dx than in terms of swing time. The maximum observed distance Dx≃2 mm is of the order of the leg length. No pronounced differentiation between fore-, midand hindlegs was observed (ANOVA F 2,172 ¼ 1.81, p ¼ 0.17).
When it chose to, the beetle had the ability to detach its six legs in less than 17 ms, and to fall (figure 4). Immediately after detachment, most of the claws were still in contact with the substrate, which suggests that they were used here as the fulcrum of a lever to initiate detachment.
The rotation of the leg is better seen in the ( y, z)-plane, i.e. when the posterior-anterior axis of the beetle e x was parallel figure  5 . It is a non-trivial combination of translation and rotation, which is often asymmetric in time: here, the motion away from the substrate was about two times slower than the subsequent motion towards the substrate. A similar observation was made for blow flies C. vicina [25] . Their swing phase ended with a slight pull of the leg in the proximad direction once the substrate had been touched. The claw position [y(t), z(t)] and leg orientation u(t) were tracked on six similar movies (see the electronic supplementary material). The maximum vertical distance from the glass slide to the claw 
Pad sequence
We also analysed the sequence in which the three pads (distal, middle and proximal) of a leg get attached to and detached from the substrate. For attachment (respectively, detachment), we define t D as the first (respectively, the last) time at which at least 15 mm 2 of the distal pad was attached.
Times t M and t P are defined similarly for the middle and proximal pads. The difference between these times t D , t M and t P is represented in figure 6 . On the one hand, several different attachment sequences were observed: either pad can be first to attach, as long as the middle pad is not the last. This is in contrast to previous reports that the distal pad should always be first to attach [26] . On the other hand, detachment is more selective: the most likely sequence is by far P-M -D, so the proximal pad detaches first, then the middle pad and then the distal pad (as observed in [26] ). Only in one occurrence did the middle pad detach much before the other two.
Area of contact
High-speed microscopy imaging provides a wealth of quantitative information on the horizontal motion of the legs (top, frontal view; figure 7 ). We recorded and processed videos of 17 attachment and 23 detachment events. To describe the corresponding kinematics quantitatively, we define local coordinates (X, Y ) based on the stance position of the leg (figures 7 and 8). The Y-axis e Y is oriented along the symmetry axis of the claw, from proximal to distal. The X-axis e X is oriented at 908 from e Y , clockwise in the microscopic pictures, so e X ¼ e Z Â e Y . For any vector b, we 
During the stance phase, individual seta tips usually experienced sufficient adhesion to instantly stop moving as soon as they touched the substrate. Nevertheless, in 32% of the cases they slid over a distance comparable to the pad size before they fully adhered to the substrate. This sliding is revealed in red (grey in the printed version) through image superposition, as illustrated in figure 9 . When sliding was considered absent, setae were not seen to move significantly before the preparation of the next detachment.
We first measured the maximum number of seta tips N c ≃ 263 [228, 355] in contact for each leg, and the corresponding contact area S c ≃ 5400 [3700,8400] mm 2 during the stance phase (figure 7a; see the electronic supplementary material). The portion of contact was on average distributed in the proximal pad (21%), the middle pad (12%) and the distal pad (66%). The adhesion force that individual spatula-shaped seta tips can generate is estimated to be 0.6 mN [17] , so the total force that could be generated is of the order of 158 mN for each leg and almost 1 mN for the six legs in full contact. This force outbalances the weight of the insect (10.8 mg for the average male dock beetle [26] ) by a factor of nine. It could even be larger, as six legs in simultaneous contact would yield more adhesion than six times the adhesion of one single leg in contact. This fact was observed for spiders, which also rely on hairy pads for adhesion [28] . In any case, [4.7,14] 23 [8.4,60] 0.05 0.84
29 [9.4,60] 34 [11, 68] 1.00 0.05 inertial forces, which should be considered in addition to the weight, are negligible here because Fr ( 1. We also tracked the time evolution of the contact area S(t), during both attachment and detachment. We define the attachment time t a (respectively, detachment time t d ) as 3 2 of the minimum time that it took for S(t) to increase (respectively, decrease) by two-thirds of S c , all pads being considered together (figure 10). Quartiles are reported in table 1, and the influence of sliding is assessed through a two-sample t-test. The attachment time is approximately t a 150 ms. The influence of sliding seems negligible ( p ¼ 0.7), but the test has a very low statistical power (0.07), owing to the small number of samples. By contrast, the detachment time is one order of magnitude smaller, and it strongly increases with sliding, with statistical significance ( p ¼ 0.05, power 0.84).
For the distal pad, we also recorded the increase (respectively, decrease) of the bounding box surrounding the seta tips in contact during attachment (respectively, detachment), as illustrated in figure 7b,c. We then define the peeling velocity v pa (respectively, v pd ) as the sum of the velocity of each side of the box (left, right, proximad and distad), each being counted positive if it is in the e X or e Y direction:
As seen in table 1, the magnitude of the peeling speed is one order of magnitude larger during detachment than during attachment. In the static case (without sliding), the average peeling speed multiplied by the attachment/detachment time always yields a peeling distance of the order of 200 mm, which approximately corresponds to the length of the distal pad. This length gets increased by the sliding distance, which is of the order of 300-600 mm. The peeling direction is more often proximad during attachment (C Y (v pa ) , 0) and distad during detachment (C Y (v pd ) . 0). This latter observation is consistent with the dominant pad sequence P-M -D of detachment. Sliding does not seem to influence the peeling speed (although the power of the test is again weak), but it does make directionality less systematic (C Y (v pa/d ) 0 on average).
Claw motion in the horizontal plane
The claw remained entirely in the field of view in seven attachment and seven detachment high-speed movies. The kinematics of this solid body can be described by the motion of the segment joining both claw tips. The segment is characterized by the position of its mid-point R(t) and by its orientation f(t), counted positive if counterclockwise in microscopic pictures. Only the rotation of the claw in the (x, y) horizontal plane could be properly analysed. The side view does not allow for a systematic quantification of rotations in a vertical plane. The origin of time t ¼ 0 corresponds to when the first seta attaches to (respectively, the last seta detaches from) the substrate. The position R is set to zero (origin of the axes e X and e Y ) at that time.
Attachment
A typical attachment sequence is shown in figure 11 , and the corresponding evolution of R is represented in figure 12 . As seen from the claws, the leg strongly decelerated as soon as the very first setae made contact with the substrate (t ¼ 0). Then (t . 0), the leg was pulled in the proximad direction over a few tens of micrometres and the claw position R converged to R a . This pulling after contact has already been observed for dock beetles [14] , and very similarly for blow flies (C. vicina) [25] and geckos [40] . Pulling on the tarsomeres could help to bring individual seta tips into intimate contact with the substrate, and it could then introduce a shear load on the setae [33] .
We identified the claw motion on seven attachment movies (table 2) . Right before attachment (t ! 0 À ), we approximated the motion by
The horizontal claw speed at approach j _ R 0a j is around 15 mm s 21 without significant influence of sliding. The approach direction is slightly proximad (C Y ( _ R 0a ) < 0), especially when sliding is observed. The corresponding angular speed j _ f 0a j is about 19 rad s
21
, and it is less when sliding is present. This approach kinematics, if approximately maintained during half of the swing (t sw /2), would correspond to an average distance travelled of 0.7 mm and an average rotation angle of 708 (without sliding), which are both consistent with our measurements from the side view.
The first few setae that touched the substrate generated a strong deceleration of the leg, both parallel and normal to the substrate. In figure 11 , the deceleration was not mediated by the impact of the claw. Indeed, claw tips were not in focus, so the claw had not touched the substrate yet (in contrast to the claw in figure 7 ). Would these first few setae crush under the impact of the leg on the substrate? The spring constant of the seta stalk was measured to be about 0.3 N m 21 for each spatula-shaped tip [17] , which corresponds to 0.6 N m . If this mass compresses these first two setae, it behaves as a mass-spring system of natural frequency v ≃ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 0:6=4 Â 10 À8 p 4 Â 10 3 rad s À1 . If the leg initially approaches the substrate at a normal speed j_ z M j ≃ 28 mm s À1 , the setae are then pressed onto the substrate by a distance of the order of j_ z M j=v 5 mm. This value is one order of magnitude smaller than the seta length, so the setae should bend without being crushed.
After initial contact (t . 0), the motion of the claw should be driven by a muscular force F a from the leg, which could only experience significant variations at the time scale of a few hundred milliseconds (i.e. the neuronal response time, or equivalently the swing time). The progressive slowdown of the claw suggests that the muscular force is opposed by an increasing friction force from the setae. It is here assumed to be proportional to the contact area S(t). The proportionality factor, i.e. the shear stress s(t), is empirically modelled as
where s 0 and a are constants, and it is assumed to be collinear with R(t) at all times. Many phenomena could contribute to this shear stress, including a solid/solid friction force, a lubrication force in the thin layer and wedge of liquid, a surface tension force from contact lines [18] or even some non-Newtonian rheology. Their determination and modelling is left to future work. The deceleration seen in figure 12 is of the order of 60 mm in 40 ms, hence 37 mm s
22
. It corresponds to an inertial force on the tarsal mass m of the order of 1.5 nN, which is two orders of magnitude below the adhesion force exerted by one single seta. Consequently, inertial forces can again be safely neglected and the force balance yields
4Þ
As soon as S(t) reaches S a ¼ jF a j/s 0 , the claw stops (j _ R(t)j ¼ 0). The full claw deceleration occurs at a time scale (60 ms in figure 12 ) that is significantly shorter than the attachment time t a . Consequently, only the early part of the curve S(t) in figure 10 has to be taken into account for equation (3.4) . It can be approximated by an increasing exponential:
where t a is the characteristic time of claw deceleration and h ¼ ln[S a /S(0)] is a dimensionless factor that corresponds to the amplification of contact area between t ¼ 0 and t ¼ t a . The time evolution of R(t) is obtained by combining equations (3.4) and (3.5) and integrating over time: Table 2 . Claw kinematics during attachment (median values). The numbers in brackets represent quantiles 25% and 75%. Variables are defined in the main text and correspond to equations (3.2), (3.5) and (3.6). The p-value corresponds to a two-sample t-test on the influence of sliding. The corresponding statistical power is given in the last column (for a significance level of 0.05). Data are available in the electronic supplementary material. 
is the distance over which the claw slides during attachment (t . 0). Parameters jR a j, t a , h and S a are obtained by fitting simultaneously equations (3.5) and (3.6) on experimental curves S(t) and R(t) of the seven attachment movies (figures 10 and 12). The obtained quartiles are given in table 2. The claw motion during attachment is always proximad (C Y (R a ) , 0), so the dock beetle pulls on its leg. The pulling time scale t a and length scale jR a j are about 36 ms and 58 mm, respectively. The dimensionless factor h ≃ 2.6 is almost constant in all experiments. The minimum contact area S a necessary to stop the claw is 1. (without sliding) is significantly smaller than the approach speed j _ R 0a j. The deceleration from j _ R 0a j to jR a j/t a always occurs in less than 1.25 ms, so it is at least 8 m s 22 . Only the pulling length jR a j significantly increases with the presence of sliding. The data are not sufficient to statistically confirm the independence of other parameters from sliding (power , 0.7). From the definition of jR a j, we obtain s 0 /a 0.4 mm s
21
. Experiments by Bullock & Federle [26] showed that the adhesion force is strongly dependent on the shear load applied by the legs. In these previous experiments, male and female beetles were immobilized; then one of their legs was pressed on the substrate and pulled proximally at a speed of 500 mm s 21 (so about 10 times slower than the beetles would do in free walking). The time evolution of the shear force has been reported for a female beetle; it was measured to increase to 10.8 mN in 1.5 mm. A similar maximum friction force was observed for males in that study, though the corresponding time evolution was not reported. A pull of only 58 mm could proportionally generate a shear force of 0.42 mN, which is of the same order of magnitude as the adhesion force estimated here from the contact area S c . The corresponding muscular force would then be about 140 mN if only S a is in contact, which would yield a shear stress s 78 kPa. As the pulling speed is imposed in [26] , we can infer a 870 MPa s m 21 and s 0 35 kPa.
Detachment
A typical detachment sequence is shown in figure 13 . The distal pad peeled in the distad direction. At the same time, a slight rotation of the claws is visible in this horizontal projection, which certainly corresponds to a more complex three-dimensional twist of the claws. Twisting and lifting have already been identified as the two main scenarios of detachment of fly pads [25] . A combination of both is seen in most of our recordings of dock beetles. Pulling and shifting were also observed in a very few occurrences. As soon as the very last setae detached, the claw experienced a strong and sudden acceleration that made it move by as much as 100 mm in the first millisecond (speed of approx. 100 mm s
21
). Then the claw decelerated and its motion converged to a constant velocity, close to the leg speed (approx. 20 mm s 21 ). This strong deceleration certainly resulted from the relaxation of some elastic structures in the tarsal chain (tarsal segments, joints) that were loaded during the stance phase, as already suggested for flies [25] . We quantified this motion on the seven detachment movies (table 3) . During the progressive detachment of the setae (t [[ 2 5, 0] ms), the claw motion is approximated by
The claw speed j _ R 0d j and angular speed j _ f 0d j immediately before detachment (t ! 0 À ) are about 3.3 mm s 21 and 11 rad s
, respectively. This initial motion of the claw is often distad, i.e. C Y ( _ R 0d ) . 0. It corresponds to a translation of about 25 mm and a rotation of 0.08 rad during the detachment time t d 7.5 ms (table 1) . There is no significant influence of sliding for t , 0.
We fitted the motion after detachment of the last setae (t ! 0) with a Kelvin-Voigt model of the tarsal segments (spring and dashpot in parallel, as shown in figure 14 ). In this model, the leg starts moving at constant velocity v d at some undetermined negative time. In comparison, the claw remains relatively fixed at position R 0 because of its adhesion. So the tarsal chain is progressively deformed, i.e. the spring is loaded. At time t ¼ 0, when the last setae detach from the substrate, the adhesion force disappears, so the pad is suddenly submitted to the viscoelastic restoring force only. The elastic deformation of the tarsal chain at time t ¼ 0 is called R d . If 
where m, b and k are the effective mass, damping factor and stiffness of the tarsal chain, respectively. These latter parameters are hard to estimate, as it is still unclear which part of the leg or tarsal chain is the main contributor to compliance. Oscillations were never observed in any of the seven quantified detachment kinematics (similar to figure 14) , which suggests that this mechanical system is overdamped. Moreover, as a very strong acceleration is systematically observed at t ¼ 0, the claw velocity prior to detachment (t , 0) can be set to zero in first approximation. In other words, we assume that j _ R 0d j ( jv d j. The solution of equation (3.9) that starts from R(0) ¼ 0 and _ R ¼ 0 is
, ð3:10Þ
Our recordings (similar to figure 14 ) allow for the determination of the longest time scale t þ that corresponds to the deceleration, but they do not have sufficient time resolution to properly estimate either the short acceleration time-scale t 2 or the damping factor z. To assess the influence of these parameters, we define
12Þ
54 already, we can assume in first approximation that F þ ≃0.5 as soon as z . 2. In this limit, t þ ≃b/k and t 2 ≃t þ /(4z 2 )(t þ . At the deceleration time scale, the position then becomes , consistently with our side-view observations, and it has no preferential direction along Y. It doubles when sliding is present. Other measurements do not seem to significantly vary with sliding. The deceleration time scale t þ is less than 3 ms. Furthermore, right before detachment of the Table 3 . Detachment-claw kinematics (median values). The numbers in brackets represent quantiles 25% and 75%. Variables are defined in the main text and correspond to measurements and equations (3.8) and (3.13) . The p-value corresponds to a two-sample t-test on the influence of sliding. The corresponding statistical power is given in the last column (for a significance level of 0.05). Data are available in the electronic supplementary material. rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170493 last setae, the adhesion force is balanced by the elastic force provided by the leg deformation. Therefore, the force exerted by the last setae is proportional to the initial acceleration of the claw:
according to equations (3.11) and (3.12). As z is unknown, it is hard to estimate this acceleration. Nevertheless, we can infer a lower bound to a d by considering z ¼ 2. The minimum acceleration then becomes
The parameters in table 3 yield an acceleration of at least 460 m s
22
, with a similar contribution from both R d and t þ v d . It is applied to the three distal-most tarsal segments, whose mass is of the order of 4 Â 10 28 kg. The corresponding force, about 20 mN, is indeed the same as the adhesion force expected from a small number of individual setae.
Correlation between claw and body motions
The synchronization of a side view at the body scale and a top view at the pad scale allowed for the identification of correlations between the corresponding motions of the leg and the claw. Of particular interest are first the X-variables that imply some motion in the local direction X, i.e. along the posterior -anterior axis x in the body frame. They comprise the X-directional cosine C X (b) of any vector b, and a twist variable
that represents the direction of claw rotation at the end of the swing phase (respectively, end of the stance phase). This variable is equal to 1 if the rotation is counterclockwise (in the microscopic view), and to 21 otherwise (figure 8). In order to correlate these claw variables to the leg motion in the body frame (as observed from the macroscopic side view), we define two local leg variables: -J ¼ 1 if a right leg moves forwards or if a left leg moves backwards in the body frame (i.e. swings towards negative X in the leg frame), and J ¼ 2 1 otherwise (swings in the positive X-direction, in the leg frame); -x ¼ 1 if a leg from the first tripod A ¼ fFL, MR, HLg moves forwards or if a leg from the second tripod B ¼ fFR, ML, HRg moves backwards, and x ¼ 2 1 otherwise.
To summarize, for attachment, we consider a set of six X-variables {J, x,F a ,C X ( _ R 0a ),C X (R a ),C X (v pa )}. The last four represent the twist direction and the X-component of the approach motion, of the pull after contact and of the peeling speed, respectively. For detachment, we consider the similar set fJ,
For each pair (i, j) of these variables, we calculated Pearson's correlation coefficient c ij [[ 2 1, 1]. We then proceeded to a principal component analysis (PCA) in order to identify subsets of correlated variables. In PCA, the correlation matrix c ij is diagonalized. Each eigenvalue corresponds to the variance of the data in the direction of the associated eigenvector. We aim for the largest eigenvalue, which explains the largest part of the variance. The corresponding eigenvector then indicates the combination of variables that explains most of the observed variations. PCA results are given in table 4. Variables J and x are complementary and uncorrelated by definition, so we never consider both of them at the same time.
For attachment, considering either leg variable (J or x) yields the same percentage of variance (63% versus 64%) in the principal direction; this suggests that the claw motion is independent of the leg considered. Without any leg variable, 71% of the variance is in a direction where fF a g is opposed to {C X (v pa ),C X ( _ R 0a ),C X (R a )}. This means that the approach velocity _ R 0a , the pulling after attachment R a , and the peeling velocity v pa are in the negative X-direction when the approach rotation is counterclockwise (F a . 0) in the microscopic view. A schematic of this mean trend is seen in figure 15 , which also includes results on the distad/proximad direction given by C Y ( . ).
For detachment, the maximum of variance in the principal direction (66%) is obtained when the leg variable x is included, so the detachment kinematics seems to depend on which tripod is considered. The principal direction suggests that the elastic deformation R d and the leg speed v d are opposite to the peeling velocity v pd , and they are in the positive X-direction when the initial twist is counterclockwise (F d . 0). Moreover, when a leg of tripod A (respectively, B) moves forwards, the peeling velocity is in the direction of positive X (respectively, negative X ). According to figure 8, this means that mid-legs peel and detach in the same direction as their swing motion, while fore-and hindlegs detach in the direction opposite to the swing ( figure 15) .
A similar PCA could be done for the magnitude of each variable (table 5) . For attachment, we consider the set of variables {j _ R 0a j, j _ f 0a j, jR a j, t a , h, S a , jv pa j, t a , S c , 6}, where the variable 6 ¼ 1 if the leg slides and 6 ¼ 0 if it does not. Considering all the variables together yields only 43% of the variance in the principal direction (first eigenvector), while 23% is left to the second eigenvector. The first eigenvector is dominated by the opposition {j _ R 0a j} versus fh, S a , jv pa j, S c g. This indicates that a slower approach (small j _ R 0a j) and faster peeling (large jv pa j) yield a larger contact area (h, S a and S c large). The Table 4 . PCA on direction variables, for attachment and detachment. The first line indicates the percentage of variance in the principal direction (i.e. the maximum eigenvalue of the correlation matrix, normalized by the number of variables). The following lines give the weight of each variable to this direction (i.e. the components of the corresponding eigenvector). 
20. 4 20.4 20.4 rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170493 second eigenvector sheds light on another opposition {j _ f 0a j} versus fjR a j, 6g. This suggests that the rotation of the claw parallel to the substrate during the approach helps the attachment by decreasing both the likelihood of sliding and the pulling distance. These oppositions are confirmed by performing PCA on each subset of variables independently: more than 70% of the variance is then in the principal direction.
For detachment, we consider {j 1] indicates the possible presence of a liquid residue (figure 16), observed in about two-thirds of the movies. It represents the proportion of contact area S c which is still covered with a liquid residue after full separation. Again, considering these nine variables together considerably spreads the variance: 30% along the first eigenvector and 27% along the second. The first vector corresponds to the opposition fjv d j, t d , 6g versus ft þ g, which indicates that, if the leg moves faster, sliding is more likely and it increases the peeling time, but after detachment the claw catches the leg faster. The second vector yields the opposition fjR d j, jv pd j, S c g versus {j _ f 0d j, L}. This suggests that a stronger attachment (high S c ) reduces the twist speed but increases the peeling speed, which then induces a larger elastic loading of the tarsal chain (high jR d j), and somehow results in decreased liquid footprints. This latter observation is to be compared with the previous study of Bullock et al. [14] , which showed that both adhesion and shear stress increase with a forced depletion of the liquid. If the elastic load is somehow proportional to the shear stress, then a high load would mean that the amount of liquid in the capillary bridge is small, and so the footprint will also be small.
Kinematics of individual seta tips
Finally, we measured the peeling time t i of each individual seta tip. Similarly to t a and t d (figure 10), t i is here defined as 3 2 the time required to increase the surface area of the seta tip in contact with the substrate by two-thirds of its maximum value (fully attached). We restricted these measurements to the experiments with no significant sliding. Seta tips were identified by shape recognition (figure 17). They are considered as pointed tips if the eccentricity is higher than 0.85, or as spatulate/discoidal tips otherwise. The distinction between spatulate and discoidal is almost impossible by automated image processing, owing to the limited resolution of the image. So spatulate and discoidal tips are pooled in this analysis. Their distinction will be further discussed below. For the recognition to be successful, seta tips need to be well separated from each other. The contact area of each pointed (respectively, spatulate/discoidal) tip is 24 [19, 34] mm 2 (respectively, 21 [18, 28] mm 2 ). So objects for which the maximal surface area is outside the range [15, 50] rejected because most probably they are either tips in partial contact or merged tips. The peeling time t i is represented in figure 18 for each pad, tip type and for attachment versus detachment. The peeling time is first geometrically averaged over all the setae of a given tip shape on one video, then the statistical distribution of this average in between videos is shown as a box plot. Again, detachment is generally about one order of magnitude faster than attachment, especially for the distal pad. The time to peel one seta tip is relatively comparable to the time required to peel the entire pads (t a and t d , defined in §3.3). This suggests that the total attached surface area of the leg varies at the same pace as the area of individual seta tips. We can illustrate this further with the case of distal spatulate/discoidal setae, for which a contact length of about 5 mm is detached in about 4 ms. This yields a peeling speed of 1.25 mm s 21 at the tip scale, which is about 20 times less than the peeling speed of the pad jv pd j. This latter speed is calculated on the bounding box, which does not take into account the decrease in contact area of each tip (until they completely disappear). When the pad peels, the peeling front (bounding box) takes only a fraction of a millisecond to travel the size of one seta tip, as already observed by Bullock et al. [14] . This suggests that during detachment seta tips first decrease their individual contact area (before pad peeling), and then they decrease their number (during pad peeling). The same applies to the attachment phase: the peeling speed of individual setae (5 mm in 80 ms, so about 63 mm s
21
) is much smaller than the peeling speed of the pad (1.1 mm s
). Discoidal and spatulate tips were shown to have markedly different mechanical properties [17] , although they are similar in diameter. In particular, discoidal tips are about four times stiffer than spatulate tips, and the adhesion force that they generate varies sharply with the position of the peeling line [18] . Consequently, their attachment time is expected to be smaller than the one of spatulate tips. The histogram of t i for spatulate and discoidal tips from a single video of distal pad attachment is shown in the inset of figure 18 . Although the numbers of discoidal and spatulate tips are relatively similar on the distal pad of male dock beetles [17] , the resulting distribution of peeling times does not appear bimodal. From these data, it is therefore hard to reach any conclusion about any possible difference of peeling time between spatulate and discoidal tips.
Summary and conclusion
Our quantitative description of the walk kinematics of a dock beetle has revealed a multitude of motions at various scales: the observed phenomena span at least two orders of magnitude in time (from 2 ms to 200 ms), space (from 6 mm to 600 mm) and speed (from 60 mm s 21 to 30 mm s
21
). A synthesis of all these motions is presented in figure 19 . Our results are now summarized and discussed all together, and conclusions are drawn.
First, the free walk of a dock beetle upside down on a smooth surface happens at a Froude number much smaller than unity. This means that, at the body scale, inertial forces are negligible compared with weight and adhesion, which are therefore balancing each other at all times. We have also checked that inertia is negligible for other motions at smaller scale, except for the elastic recovery during detachment. The gait analysis revealed that the beetle may modulate its adhesion by tuning the overlap of successive swing phases. The safety factor of 9 suggests that the beetle can easily afford either partial contact or additional load.
The observed swing speed roughly corresponds to the ratio of the leg length and the hypothetical neuronal response time. It is relatively fast (20 mm s 21 ), and so is the approach to the substrate. The leg only decelerates once in contact, through the bending and shear of the setae. The latter are sized sufficiently stiff to survive the impact; they only bend by about one-tenth of their length. A few seta tips already generate sufficient friction to strongly decelerate the leg, and a few tens of them can completely stop its motion tangential to the substrate. This deceleration is already much faster than the time scale (approx. 100 ms) at which the beetle can possibly modulate the muscular force applied to its leg. Then, all the remaining setae are progressively brought into contact, usually from the most distal to the most proximal. This peeling motion is probably induced by a rotation of the pad in a vertical plane, at a time scale more comparable to the neuronal time. The pull between the first contact and complete stop is of the order of the seta length, and it is generally proximad. It may help in Figure 17 . Automated recognition of spatulate/discoidal (green) versus pointed (blue) seta tips, based on shape parameters. Objects in red are discarded because their surface area is not in the appropriate range for a single fully attached seta tip. The scale bar is 100 mm. (Online version in colour.) bringing the first seta tips into intimate contact with the substrate, on the condition that these setae are initially curved distally. This seems in opposition to many scanning electron microscope (SEM) pictures of beetle setae available in the literature (e.g. [18, 26] ), and to the early light visualizations of Gillett & Wigglesworth [41] . However, a closer comparison of SEM pictures (of dead beetles) and interference reflexion microscopy pictures (of living beetles) in [18] clearly shows that in SEM pictures spatulate setae are curved proximally as a result of drying artefact after death. So the intrinsic curvature of hydrated setae is indeed distad, and the proximad pull favours intimate contact.
Setae are detached by peeling, both at the pad and at the seta scale. This peeling is mostly in the distad direction and it results from a three-dimensional rotation of the tarsal segments, with often a significant rotation component in the plane of the substrate (called twist here). The claw may serve as the fulcrum of a lever, although it is not always needed. The radius of curvature at its tip is about the size of a seta tip and it is not covered with liquid, so it does not generate any significant adhesion on a smooth and rigid substrate. At every scale, detachment is surprisingly one order of magnitude faster than attachment. Our results indicate that the faster the peeling, the less liquid is left on the substrate. Detaching fast may therefore be a strategy to minimize the amount of precious liquid left as footprints on the substrate. The break-up of a liquid bridge between two parallel plates separated from each other has received significant attention, even recently [42] [43] [44] . The distribution of residual liquid between both plates is influenced by the contact angle of each when the capillary number,
is smaller than 0.01, where V is the characteristic speed, m is the viscosity of the adhesive liquid (here about 100 cP [45] ) and g is its surface tension (here about 0.02 N m 21 [18] ), the liquid gets evenly distributed between the plates [46] . As seen in figure 19 , all the motions involved in detachment have a corresponding Ca . Figure 19 . Synthesis of length and time scales for each motion. ( ) Leg swing, ( ) approach at speed j _ R 0a j, ( ) proximad pull at speed jR a j/t a , ( ) attachment peeling at speed jv pa j, ( ) attachment of distal spatulate setae, ( ) detachment of distal spatulate setae, ( ) detachment peeling at speed jv pd j, ( ) detachment preparation at speed j _ R 0d j, ( ) viscoelastic relaxation at speed jR d j/t þ , and ( ) leg speed after detachment v d . Error bars correspond to the interquartile range. The top dash-dotted line (respectively, middle and bottom) represents a capillary number Ca ¼ 0.1 (respectively, Ca ¼ 0.01 and Ca ¼ 0.0004). (Online version in colour.)
shear. This certainly helps the beetle in saving its adhesive liquid even on wetting surfaces. Moreover, the detachment of seta tips involves asymmetric geometry and kinematics that are by far more complicated than the normal separation of two parallel plates, and possibly in favour of minimized footprints. This amount of liquid residues on the substrate is also negatively correlated to the strength of the elastic loading of the leg before detachment, which considerably increases the speed right after detachment. Finally, the peeling speed is much larger at the pad scale than at the seta scale, which suggests that seta tips decrease their contact area before decreasing their number in contact. As their detachment originates from the peeling rotation of the pad (which is considered as a solid body), setae are elastically loaded during this peeling, which should again increase the Ca at which liquid bridges break up. On the other hand, attachment is significantly slower and Ca , 10
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, so the seta tips deform and come in close contact with the substrate mostly in response to surface tension loads [18] .
So both attachment and detachment kinematics seem to be designed such that the adhesive liquid bridge is subjected to an appropriate balance of viscous and capillary forces. Several of these motions have been similarly observed (although not quantitatively described yet) in flies [25] , among others. This convergent evolution towards similar adhesive structures, tarsal kinematics in locomotion and involved attachment and detachment processes suggests that the corresponding technical solution is particularly optimal for terrestrial locomotion at the insect scale. We hope that it will therefore be a valuable source of both inspiration and design guidelines for future microrobotic pick-and-place systems based on capillary adhesion. Competing interests. We declare that we have no competing interests. Funding. This work has been supported by the IAP 7/38 MicroMAST funded by BELSPO (Belgian Science Office Policy), by the FNRS research project T.0050.16 (Bioinspired passive liquid dispensing) and by an FRIA grant (FNRS, Belgium).
